The polyphagous mirid bug Apolygus lucorum (Heteroptera: Miridae) has more than 200 species of host plants and is an insect pest of important agricultural crops, including cotton (Gossypium hirsutum) and mungbean (Vigna radiata). Previous field trials have shown that A. lucorum adults prefer mungbean to cotton plants, indicating the considerable potential of mungbean as a trap crop in cotton fields. However, direct evidence supporting the migration of A. lucorum adults from cotton to mungbean is lacking. We developed a DNA-based polymerase chain reaction (PCR) approach to reveal the movement of A. lucorum between neighboring mungbean and cotton fields. Two pairs of PCR primers specific to cotton or mungbean were designed to target the trnL-trnF region of chloroplast DNA. Significant differences in the detectability half-life (DS 50 ) were observed between these two host plants, and the mean for cotton (8.26 h) was approximately two times longer than that of mungbean (4.38 h), requiring weighted mean calculations to compare the detectability of plant DNA in the guts of field-collected bugs. In field trials, cotton DNA was detected in the guts of the adult A. lucorum individuals collected in mungbean plots, and the cotton DNA detection rate decreased successively from 5 to 15 m away from the mungbean-cotton midline. In addition to the specific detection of cotton-and mungbean-fed bugs, both cotton and mungbean DNA were simultaneously detected within the guts of single individuals caught from mungbean fields. This study successfully established a tool for molecular gut-content analyses and clearly demonstrated the movement of A. lucorum adults from cotton to neighboring mungbean fields, providing new insights into understanding the feeding characteristics and landscape-level ecology of A. lucorum under natural conditions.
Introduction
Transgenic Bacillus thuringiensis (Bt) cotton was widely adopted for management of Helicoverpa species infestation in northern China during the late 1990s. As a result of reduced insecticide applications, the mirid bug Apolygus lucorum (Hemiptera: Miridae) has become the most a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 developed plant DNA detection approach was employed to assess potential A. lucorum adult movement from cotton to mungbean fields under natural conditions.
Results

Assessment of the specificity of the designed plant primers
Plant-specific primers for G. hirsutum and V. radiata (Table 1) were designed based on an alignment of the trnL-trnF region among different host plant species of A. lucorum. To confirm their species specificity, the primers were tested against 31 non-target plants ( Table 2) . The results showed that all extracted plant DNA samples, except for the negative controls, exhibited a similar 120 bp band when general plant primers targeting the trnL region were used (S1 Fig), indicating the successful plant DNA extraction. The results of a cross-reactivity test revealed that the primers designed for cotton and mungbean amplified bands of 236 bp and 199 bp, respectively, and sequencing verification confirmed that these products were indeed cotton and mungbean. In addition, fragments at the same position were not observed when other plant DNA extracts were used (S2 Fig) . These combined results indicate that the designed primers are species specific.
Analysis of the plant DNA detectability half-life
The PCR assay did not show clear amplification using general plant primers targeting trnL, suggesting that no host plant DNA remained in the gut and that adult A. lucorum were hungry enough to be readily fed. As shown in Fig 1 , PCR amplicons were most consistently observed from adult A. lucorum immediately removed from plants, and declined with increasing digestion time. The maximum-life for plant detection did not reach 100% at time = 0 h and the value was significantly longer for cotton DNA than that for mungbean DNA. A negative exponential equation was constructed based on the detection curve, from which the detectability half-life (DS 50 ) was calculated as 8.26 h for cotton, which was approximately two times longer than that of mungbean (4.38 h) (t = 4.53, df = 4, P = 0.01) (Fig 1A and 1B) .
Plant DNA detection rates in field-collected bugs and distance effects
To assess whether adult A. lucorum feed on mungbean and/or cotton in open fields and whether adult bugs in cotton fields migrate to mungbean plots, we collected adult A. lucorum from mungbean fields and performed molecular gut-content analyses using our newly developed species-specific DNA detection system. The average number of adult bugs specifically fed mungbean was estimated at 17.75, while the average number was estimated at 8.75 for those specifically fed cotton and 9.0 for those simultaneously feeding on both plants (n = 60 for each repetition). In total, the weighted detection rate was 44.64% for mungbean and 15.65% for cotton (Fig 2A) . The simultaneous detection rate for both of these plants shown in the black part of each column in Fig 2A accounted for 50 .70 percent of all identified cotton, which was much higher than the proportion (33.64%) of that in all the detection rates of mungbean (Fig 2A) .
To evaluate the effect of distance on plant DNA detection rates, adult A. lucorum in mungbean plots 5, 10 and 15 m away from the mungbean-cotton midline were sampled and Table 1 . Specific primer sequences (5'-3') target the trnL-trnF region of chloroplast DNA of cotton and mungbean.
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assessed. The results of this analysis revealed that the weighted detection rate of mungbean DNA in adult A. lucorum guts collected in mungbean plots was not significantly different for the three distances (F 2, 9 = 1.24, P = 0.3332). However, the weighted detection rate of cotton DNA in adult A. lucorum guts varied for the three tested distances (F 2, 9 = 26.45, P = 0.0002), with the highest detection rates observed at 5 m, followed by 10 m and 15 m (Fig 2B) .
Discussion
In this study, we successfully developed a PCR-based method to detect plant DNA ingested by A. lucorum, and the high specificity and sensitivity to distinguish between cotton and mungbean indicates that this is a feasible approach for assessing the movement of mirid bugs at the landscape level. 
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Prunus persica L. Fast-evolving sequences of the chloroplast genome region make it a suitable DNA barcode to identify plants [18] . PCR assays using specific/general primers targeting chloroplast DNA have been directly applied to examine the food choices of herbivorous insects with chewing feeders [34] [35] [36] [37] and sucking feeders on both plant cells [38] and on phloem sap [24] . Notably, when using chloroplast DNA for insect diet assessment, a trade-off occurs between amplification success and host plant resolution. Hereward and Walter suggested that the chloroplast trnL intron was not successfully amplified from target plant DNA in the green mirid bug Creontiades dilutus because of degradation by extra-oral digestion [38] . The region of P6 loop of the trnL intron is reportedly more robust for amplification from degraded DNA but exhibits lower host species resolution [32] . The mirid bug A. lucorum in this study resembles C. dilutus and Lygus spp. in feeding behavior; all of them perform extra-oral digestion and lacerate and macerate plant cells using stylet-probing movement and watery salivary discharge [44] . In addition, an objective of our study was to discriminate cotton from mungbean, the two defined host plants of A. lucorum [3] [4] [5] [6] , thereby both the amplification success and the resolution require fully consideration. We used two pairs of specific primers targeting the trnL-trnF region of chloroplast DNA to develop a DNA-based molecular diagnostic system. The sequence of the trnL-trnF region has been previously reported to show a high degree of variation across families and thus provides robust resolution when applied to systematic studies below the family level [45] . As expected, positive amplicons were observed, and the designed primers were confirmed to be specific for cotton and mungbean (S1 and S2 Figs).
Pyrus bretschneideri
Our feeding experiment revealed that the maximum-life for plant detection did not reach 100% at time = 0 h, which resembled previous reports [34, 37] and may be attributed to either the effect of extra-oral digestion in A. lucorum or the pretended ingestion of plant tissues. The detectability of cotton and mungbean DNA was significantly different, with cotton exhibiting a longer detectable time-its DS 50 value was approximately two times higher than that of mungbean ( Fig 1A and 1B) . This result is consistent with findings for the Agriotes click beetle larvae [35] , which suggest that plant identity can affect post-feeding DNA detection. Here, our results indicate that the mungbean digestion rate is higher than that of cotton. When feeding Molecular assessment of field movement of A. lucorum on the plants, mirid bugs typically discharge lytic salivary enzymes such as salivary polygalacturonases, proteases, amylases and glucose dehydrogenase that facilitate extra-oral digestion of host tissues [46] . Moreover, persuasive evidence indicates that mirid bugs like Lygus hesperus Knight prefer to feed on squares that have been preconditioned by salivary enzymes released during early stylet-probing activities [47] . In A. lucorum, previous experiments have shown that protease and amylase activities are significantly higher in mungbean-fed adults than in cotton-fed adults [48] . Additionally, the difference in digestion rates correlates to A. lucorum preference and performance for the two host plants, as both longevity and fecundity were improved in mirid bugs that fed on mungbean compared to those that fed on cotton [11] . Therefore, the different digestion rates for cotton and mungbean by A. lucorum adults might be partly ascribed to either distinct effects on catalytic digestive enzyme activity or a different relative fitness between these two host plants. However, these inferences require further investigation.
Molecular gut content analyses of ingested plant DNA can provide new insight into the landscape-level ecology of polyphagous insects. Recently, this technique has been demonstrated to be suitable for assessment on which host plants a polyphagous potato psyllid Bactericera cockerelli fed before the emergence of target host crops [24] . Our study revealed that the detectability of plant DNA decreased gradually with digestion time (Fig 1A and 1B) , suggesting that the detection of both cotton and mungbean DNA was negatively correlated with the duration of digestion. Nevertheless, a weighted detection rate was used, which can correct for field data and compensate for different digestion times [49, 50] . According to this method, the weighted detection rates of field-collected bugs were comparable, and this finding could be important for confirming the presence of A. lucorum host plant species in open fields as well as for assessing their potential movement at the landscape level.
The mirid bug, A. lucorum resembled other mirid species like C. dilutus and Lygus spp. by exhibiting high mobility [51] , and their observed occurrence on plants did not necessarily suggest regular feeding. The positive detection of ingested cotton and mungbean DNA in the guts of field-collected bugs indicated that A. lucorum adults in the field can feed on both cotton and mungbean, which was consistent with previous conclusions that both of them are A. lucorum host plants [3] [4] [5] [6] 9] . In addition, the positive detection of cotton DNA in the guts of mirid bugs caught on mungbean plots suggested movement from cotton to the adjacent mungbean. This inference is more persuasive when the successively decreasing DNA detection rates for cotton from 5 to 15 m is compared with similar detection rates over distances for mungbean (Fig 2B) . Likewise, based on molecular gut content analyses, Hereward and Walter proposed that the mirid bug C. dilutus often fed on host plant species other than the one from which it had been collected, indicating potential movements and multiple host usage of a mirid bug [38] . Our newly developed specific molecular diagnostic approach supported this inference; in addition to the specific detection of mungbean or cotton DNA, both mungbean and cotton DNA was detected in the gut of a single individual bug (Fig 2A) . Interestingly, the ratio of bugs showing mixed feeding on both cotton and mungbean to bugs that were specifically cotton-fed was approximately 1:1, suggesting that half of the A. lucorum adults moved from cotton to the mungbean field fed on mungbean. This feeding habit was similar to another Hemipteran, Nezara viridula L, which moved from one plant species to another during feeding [52] . Velascol and Walter proposed that host-switching enhances survival and reproduction of N. viridula [53] . However, whether the ecological significance of A. lucorum movement resembles that in N. viridula or whether A. lucorum adult benefits from a combination diet under natural conditions still requires further investigation.
In conclusion, this study developed a molecular approach to identify remaining host plant DNA from the gut of a polyphagous mirid bug, A. lucorum. Our findings herein provide direct evidence supporting the movement of A. lucorum adults from cotton to mungbean fields and are a significant step toward exploiting the full potential of DNA-based molecular detection techniques to study the landscape-level ecology of A. lucorum under natural conditions.
Materials and methods
Insect rearing and plant collection
To perform the feeding experiment, a colony of A. lucorum has been established. Briefly, A. lucorum mirid bugs were obtained from a colony and reared on fresh green bean (Phaseolus vulgaris) pods in the laboratory at the Langfang Experimental Station at the Institute of Plant Protection of the Chinese Academy of Agricultural Sciences (IPP-CAAS). The colony was maintained at 25±1˚C with 60±10% RH and a 16:8 h L:D photoperiod. To design specific primers and develop the molecular diagnostic system, the following host plants were selected: cotton, mungbean and 31 non-target plant species across 16 families ( Table 2 ). These non-target plant species were all A. lucorum host plants and widely distributed across northern China. All plant specimens were collected at Langfang Experimental Station in the summer of 2014 and stored at -80˚C until their use.
Plant DNA extraction
Plant DNA was extracted from 1 cm diameter leaf discs using the DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) following the manufacturer's protocol, and all the extracted DNA samples were quantified using a spectrophotometer (NanoDrop™ 1000, Thermo Fisher Scientific, USA) and stored at -20˚C until use. To check for cross-sample contamination among extractions, two negative controls were included. General primers located in the trnL chloroplast DNA region-c B49317 primer (5'-CGAAATCGGTAGACGCTACG-3', for the trnL (UAA) 5' exon [30] ) and trnL 110R primer (5'-GATTTGGCTCAGGATTGCCC-3', for the trnL (UAA) intron [45] ) function as a positive control to verify whether the plant DNA was well extracted, because they result in amplicons with similar sizes (approximate 120 bp) in different plant species.
Primer design and specific assessment
The trnL-trnF region of the host cotton, mungbean and other non-target plants was aligned using the BioEdit sequence alignment editor 7.1.3.0 [54] , and specific primers for cotton and mungbean were designed using Primer Premier 5 version 5.00 [55] . Plant sequences were obtained from GenBank, including sequences for G. hirsutum (HQ696725), V. radiate (JX233513) and the non-target plants. The specificity of the primers was tested by amplifying DNA from the leaves of those 31 non-target plant species by PCR ( Table 2 ). The PCR products were analyzed on 2.0% agarose gels, purified using the Axygen Gel Extraction kit (Axygen) and cloned into the pGEM-T easy vector (Promega, Madison, WI, USA). Positive clones were selected by PCR and sequenced using an ABI3730XL automated sequencer (Applied Biosystems) with standard M13 primers.
Feeding experiment
To test the sensitivity of the newly established molecular detection system, a feeding experiment was performed. Before the feeding trial, 3-day-old adult A. lucorum specimens were starved for 48 h to confirm no plant tissues remains within their guts (at 25±1˚C). Tender cotton and mungbean leaves were separately placed in a Petri dish (10 cm diameter, 2.6 cm height). Thereafter, each adult bug was separately introduced into each Petri dish for 3 h at 25˚C and then observed every 10 min (a mirid bug seen with its stylet inserted into the leaf at least three times was considered to have fed) [25] . After feeding, individuals were maintained at 25˚C for 0, 2, 4, 8, 12, 16, 20 and 24 h (10 individuals per time point as a repetition, a total of three repetitions), and they were then frozen at -80˚C until evaluation via PCR.
According to Wallinger et al. (2013) [35] , the sensitivity of the PCR assays was assessed via serial dilution of template DNA (either the plant DNA template or the mirid bug DNA template extracted from samples in the feeding experiment). The results showed that no significant difference in primer efficiency within the same dilution ratio. No positive amplicons were observed at the lowest concentration tested by either the cotton or mungbean primers. A 4 μL extracted bug DNA solution (10 ng/μL) is able to provide positive amplicons for both cotton and mugbean primers.
Insect DNA extraction
DNA from adult A. lucorum was extracted followed a CTAB-based protocol described by Wallinger et al. [35] . To avoid DNA amplification from plant material that may have adhered to the body surface of the mirid bugs, each adult mirid bug was cleaned following a modified method described in previous studies [35, 56, 57] . Briefly, each individual insect was placed in 1 mL of 1-1.5% sodium hypochlorite (Beijing Chemical Works, Beijing, China) for 5 s. Each individual was then rinsed twice with molecular-grade water. Our preliminary trial showed that this method successfully removed external plant DNA contamination and did not destroy the ingested plant DNA in the gut of A. lucorum. Two extraction-negative controls were included in each batch of 24 samples to check for cross-sample contamination.
PCR assays
PCR amplifications were performed in 20 μL reaction mixtures containing 4 μL DNA solution (10 ng/μL), 2 μL 10× Taq buffer (TransGen Biotech, Beijing, China), 0.4 μL dNTP (2.5 mM), 0.2 μL Easy Taq (5 units/μL) (TransGen Biotech), 0.75 μL each primer (10 μM), and 11.9 μL autoclaved distilled water. The PCR reactions were performed in Veriti 96-Well Thermal Cyclers (Applied Biosystems, USA). The thermo cycling protocol began with an initial denaturing step of 95˚C for 10 min, followed by 35 cycles of 95˚C for 30 s, 56˚C for 30 s and 72˚C for 1 min, and a final extension of 72˚C for 10 min. The PCR products (6 μL) were then separated using a 2% agarose gel in TAE buffer (40 mmol/L Tris-acetate, 2 mmol/L Na 2 EDTA H 2 O) and visualized with a UV trans-illuminator. Two positive (cotton or mungbean plant DNA) and two negative controls (PCR-grade water instead of extracted insect DNA) were included in each PCR assay to determine amplification success and DNA carry-over contamination, respectively. The four blocks were arranged in a straight line from south to north, with 10 m intervals between adjacent blocks. A road and a wall were situated along the western side of the field blocks, a road was situated along the eastern side of the blocks, and roads and walls were situated at the northern and southern ends of the group of blocks. All the blocks received the same fertilizer and irrigation, and insecticide was not applied during the experimental period.
Field sampling
Molecular detection of field-collected samples and distance effects
To confirm whether adult A. lucorum in mungbean plots migrated from the adjacent cotton plots and to evaluate the detection rate, we collected the adult A. lucorum in late July with sweep netting (38 cm diameter) in mungbean fields. The sampling range of each plot was 15 m away from the cotton-mungbean midline. Approximate sixty lively and undamaged adult bugs caught in each mungbean plot were subjected to molecular analysis using both mungbean-and cotton-specific primers. To assess the effect of distance, adult A. lucorum within each plot of mungbean were collected by sweep netting (38 cm diameter) along parallel lines 5, 10, and 15 m away from the cotton-mungbean midline. Each line was sampled by one hundred sweep nets (38 cm diameter), and the sampling depth was 20 m, i.e., the length of each designed plot. To avoid adult dispersal, sampling was performed simultaneously at each distance. Subsequently, approximately thirty lively and undamaged A. lucorum adults from each line were randomly selected for analysis. For molecular detection, each individual was transferred to a 1.5 mL microcentrifuge tube, transported back to the laboratory (within 1 h) on ice, and immediately frozen in liquid nitrogen. All the selected mirid bugs were stored at -80˚C until their DNA was extracted. PCR assays were performed as previously described.
Statistical analysis
The effect of digestion time (i.e., time post-feeding) on plant DNA detection success was tested for the species-specific plant primers using a logistic regression with a binomial distribution (PROC GENMOD). SAS 9.30 software was used to estimate the DS 50 values [58] for the two plant species, which were compared using t-tests.
We used a previously described method [49, 50] to weight the plant detection rates and better interpret the extent of plant DNA in the gut contents under natural conditions. Briefly, the weighted detection rates were corrected based on the detection rates, the shorter DS 50 of plant DNA was assigned an importance weighting value of 1.0, and the importance weighting value of the DNA of the other plant was obtained using this benchmark DS 50 as the numerator and the DS 50 of the other plant as the denominator. The corrected detection rate was calculated by multiplying the proportion of plant DNA in the field-collected A. lucorum adults by the importance weighting value. The weighted detection rates of the samples collected at different distances from the mungbean-cotton midline were compared via a one-way analysis of variance (one-way ANOVA). 
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